Two methods of using the X-pinch as a source of X-ray radiation for radiography of biological objects are presented. X-pinches are found to be a very flexible method for generation of radiation over a wide spectral range and provide a high spatial and temporal resolution.
Introduction
The X-pinch, first proposed in 1982 at the Lebedev Physical Institute, Russian Academy of Sciences, as a source of hot dense plasma [1] , was being actively studied as an interesting object of high energy density physics. An X pinch plasma is generated using two (or more) fine wires being arranged so that they cross and touch at a single point, forming an "X" shape, as the load of a high current pulsed power generator [1] - [7] . Such generators produce current pulses ranging from 50 kA to 1 MA peak current, or even more, with pulse durations typically in the range 100 to 300 ns. Small, bright, X-ray emitting plasma "hot spots" are reliably formed which is close to the cross point for a wide range of wire materials, wire diameters and current pulse parameters. The wide spectral range of the radiated energy from a tiny volume and a predictable location offer the possibility of using the X-pinch hot spots as sources of X-ray radiation for different applications. In specific cases, the X-pinch provides a very small size (~1 μm), short duration (<100 ps), bright X-ray burst of thermal radiation (~1 keV) for use as an X-ray backlighter for point-projection radiography. Immediately after the thermal X-ray burst is emitted, a gap that increases in just a few ns from tens of μm to ~ several mm is developed. Energetic electrons are accelerated across that gap, as evidenced by the generation of non-thermal X-ray radiation in the 10 -150 keV energy range from a 0.1 to 1 mm source [8] - [10] .
The hybrid X-pinch (HXP) configuration consists of a high current diode with conical tungsten electrodes se-parated by a 1 -3 mm gap that is shorted by a 20 to 100 μm diameter wire. First proposed in 2008, HXPs were now used as point sources of soft X-ray emission in projection radiography and other applications [11] - [13] . The X-pinches in different configurations have proven to be a very flexible source of radiation over a wide spectral range and capable of operating over a wide range of initial conditions. For radiography, the field of view is limited only by the size of the radiation detector (film or an image plate). Unique properties of X-pinches allow one to use them as the probing source in high-resolution projection X-ray imaging of various physical and biological objects.
Results of point-projection radiography of biological objects obtained in the standard X-pinch in the last fifteen years together with new results obtained in the HXPs are presented in the paper.
Method
A method of point-projection radiography for biological object imaging using X-pinches as a source of a probing radiation in wide energy band is presented and possibilities of the method are discussed.
A schematic diagram of point-projection radiography is shown in Figure 1 . This very simple method takes advantage of the small source and short X-ray emission duration of the X-pinch. In this case, it is possible to obtain an object image with a high magnification and a high spatial resolution [3] - [6] . For point-projection X-ray (d) Figure 1 . Illustration of point-projection X-ray radiography (a) using a point source and (b) using a source with diameter d (in the ray optics approximation); illustration of pointprojection X-ray radiography using a point source and taking into account diffraction (c) by an opaque object and (d) by a semitransparent object. radiography, the small size of the source is the most important characteristic because it largely determines the spatial resolution of the method (Figure 1(b) ). Because of the short wavelength of X-ray radiation, in the majority of cases, the influence of the size of the radiation source on the spatial resolution can be calculated using formulas of geometrical optics, without taking into account the wave factors of the radiation. However, as was shown in refs [14] - [16] , the wave properties of the radiation used, i.e. diffraction, refraction and interference of the radiation incident on the object under study, do have a negative effect on the spatial resolution (Figure 1(c) and Figure 1(d) ).
The processes listed above will distort the pattern in one way or another, being nevertheless related to the interaction of the radiation from the source with the object and, consequently, carrying information on the object. However, the processing of this information may prove to be a rather complicated task. Therefore, in the first approximation, the processes of diffraction, refraction and interference can be considered factors that degrade the spatial resolution. Upon a decrease in the size of the source to a certain limit, these factors can become very important.
The extremely small size of the source and an increased object-detector distance can lead to a coherence-enhanced (phase contrast) radiograph (as illustrated in Figure 1(c)) . A phase contrast image allows interference fringes to develop from the phase distortions during X-ray propagation through the object, providing substantial edge enhancement. Figure 2 shows a comparison of a simple absorption image and a phase contrast image of a spider to show that the phase contrast imaging can help to see the details of the object that are not visible (too small and transparent for the radiation used for radiography) in the case of simple absorption imaging.
Using two or more X-pinches in a high current diode, as illustrated in Figure 3 (c), it is possible to get two or more frames in a single test. To simplify X-pinch loading and make X-pinches more predictable the hybrid X-pinch described above and shown in Figure 3 (d) was developed and used for radiography [11] - [13] .
To record the images, X-ray films, fluorescent imaging plates or CCD-cameras can be used. Most of images presented in the paper were recorded on film because most films have smaller sensitive grain size than the pixels of all other detectors.
In previous X-pinch studies and applications, the high-current generators used to power them are relatively large, albeit simple electrically, which hampers their use in biology and medicine [2] [17]. However, a new generation of pulse generators developed in recent years are simple in design and are much smaller than their predecessors [18] - [20] . These generators are portable and do not require specialized personnel for their operation. Such generators are promising for enabling the use of X-pinch X-ray sources in biology and medicine. A standard X-pinch consists of from 2 to 8 wires has been studied as a source of soft X-ray emission in the photon energy range 1 -10 keV in considerable detail [1] [3]- [5] [7] , including as applied to point-projection X-ray imaging [2] [6] [15] [16] . The radiating X-pinch hot spot region is a high-temperature, near solid density plasma that develops in the micropinch formed at the original wire cross point, as shown in the point-projection X-ray images shown in Figure 4 . It is one of the brightest soft X-ray sources emitting in the photon energy range of 1 -10 keV, and it possesses unique parameters: a micron (µm)-size radiating region and a picosecond time scale pulse duration [4] - [7] [8] . Such a radiation source is ideal for the method of point-projection X-ray imaging, which is an efficient diagnostic means to obtain both qualitative and quantitative data on the object under study [21] .
The hot spot formation is followed by the breaking up of the plasma channel near the original cross point of the wires, as shown in the images in Figure 5 . This leads to electron acceleration across the gap(s) and the generation of energetic electrons. These, in turn, interact with the dense plasmas that can be seen above the original cross point in the four images in Figure 5 and produce X-ray radiation (bremsstrahlung) in the 10 -100 keV range. Spectral and temporal specifics of the electron-beam-induced radiation depend on both the X-pinch material and the generator parameters [9] [10] [22] . This component of X-pinch radiation in our experiments has a source size of 0.1 -1 mm.
The final stage of hybrid X-pinch (HXP) development is similar in many aspects to that of a standard X-pinch. In the HXP, fast expansion of the hot spot plasma, expansion and clearing of the micropinch plasma channel, and electron acceleration also occur after the X-ray burst. However, at the very end, due to the small gap between the conical electrodes (Figure 3(d) ), the gap is bridged by the electrode plasma [11] - [13] . This means that conditions for the acceleration of electrons are present for significantly less time than in a standard X-pinch, and the source size of the 10 -100 keV X-rays is smaller than in standard X-pinches in all directions [12] . The parameters of the radiation sources in hybrid X-pinches are summarized in Table 1 
Results and Discussion
X-ray imaging of different biological objects has been developed in parallel with studying the physics of the X-pinch itself and its characteristics as an X-ray source. The objects are imaged in different media and with different magnification based on the objectives, size and density of the object.
For imaging small objects with high magnification and high spatial resolution, the radiation from the ~1 µm hot spots obtained with standard Mo-wire X-pinches is used. One of the objects studied with a member of the agricultural college at Cornell University is a beet seed. The seed and its shell are both high density. The image is to be done without damaging the seed [23] . To obtain this image, the more energetic X-rays from the hot spot are used (Figure 7) .
In a study of small insects with parasites in them, the insects are in formalin solution. For this purpose of a sealed chamber is built that can be placed in vacuum with the insects in it. Radiographs are obtained using hot spot radiation through thin vacuum windows in the box, as shown in Figure 8 .
In the images in both Figure 7 and Figure 8 , µm-scale elements of the internal structure are captured because of the phenomenon of phase contrast discussed above. For imaging of relatively large biological objects, the radiation from the hot spot is too low energy, so we use the higher energy X-rays produced by the electron beams. In this case, the object may be outside the vacuum chamber in air or liquid. For example, in Figure 9 , we show a radiograph of a frog in water that is outside of the vacuum chamber. Small features of the frog inner structure are clearly seen on the figure. The use of the electron beam-generated radiation from hybrid X-pinches, which has a smaller source size than from standard X-pinches, allows the use of point-projection imaging with small magnification to obtain an image with higher spatial resolution, as shown in Figure 10 .
The large field of view of the point projection method allows images of multiple objects with a single burst of radiation. To summarize very briefly, X-pinches can be a simple and cheap X-ray source over a wide range of X-ray energies for point-projection radiography of a variety of biological or medical objects. Comparisons of the X-pinch based source of radiation with other sources are possible to find elsewere [8] [24] .
